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The soil used was a calcareous clay soil (top-soil, 0-20 cm) and was collected from an 125 arable field plot in Lagoa, Algarve, Portugal. The soil had the following main 126 characteristics, analysed by the National Soil Resources Institute (NSRI, Cranfield 127 University) and given as mg g -1 oven dried soil: soil organic carbon (SOC), 12.1; water, 128 353; sand, 320; clay, 470; silt, 210; pH 6.8; annual average values of precipitation (mm) 129 and temperature ( o C) on site were 400 and 17 respectively; there is no history of 130 pesticide inputs in the last 4 years. Plant residues and stones were removed manually at 131 the time of collection and soil was sieved (2 mm) and air-dried at 20 o C for 7 days prior 132 to use. Air-dried soil samples (10 g) were weighed into Universal (25 ml) bottles and 133 target soil water potentials of -0.7 and -2.8 MPa were set by reference to a soil 134 adsorption curve and the addition of sterile reverse osmosis (RO) water (Bastos, 2008) . Wet (50% w w -1 ) finely chopped sterile sawdust was kept overnight at 4°C. It was then 149 added to air-dried soil (5 g) in order to obtain a concentration of 5% (w w -1 ) and 150 samples were left equilibrating overnight at 4°C. Conditioning of the treated soil to the 151 required water potentials was then done by reference to a soil-sawdust calibration curve 152 (Bastos, 2008) . The procedure followed that described in i). Soil was amended with sterile sawdust as described in ii). Conditioning of the soil to the 156 treatment water potentials was done by reference to a soil-sawdust adsorption curve and 157 the addition of sterile RO water supplemented with atrazine, in order to obtain a final 158 6 concentration of atrazine in soil of 0.5 μg g -1 . The procedure followed that described in 159 i). 160 161
iv) Inoculation of T. versicolor into soil 162
Sawdust colonised by the test isolate (0.5 g) was added to air-dried soil (5 g) in order to 163 obtain a concentration of 5% (w w -1 ) and mixed until a homogeneous mixture was 164 obtained. The procedure followed that described in ii). 165
v) Incorporation of T. versicolor + atrazine in soil 167
The preparation of the homogeneous mixture of T. versicolor with sawdust (5% w w -1 ) 168
and its incorporation into air-dried soil (5 g) was described previously. The procedure 169 followed that described in iii). 170 171
Incubation of soil microcosms 172
Treated soil samples and non-treated controls were incubated at 20°C for up to 24 173 weeks within polyethylene boxes previously thoroughly cleaned. Each box also 174 contained a glycerol/water solution (400 ml), in order to maintain the equilibrium 175 relative humidity within each microcosms the same as that of the soil treatments. All 176 treatments involved in this work are summarised in Table 1 The method for determining laccase activity using an enzyme extract was based on the 244 protocol described by Buswell et al. (1995) treated with atrazine was shown to produce over 40% more CO 2 than non-treated soil 294 (SS). Throughout the study, soil containing the inoculum alone (ST) showed a 295 significant (p<0.01) increase in respiratory rates compared to un-inoculated soil (S). 296 Surprisingly, differences between respiration rates of soil treated with atrazine (SA), 297 sawdust (SS) and T. versicolor (ST) individually, were often not significant 298 (0.05<p<0.16) under the treatment soil conditions. Overall, the highest CO 2 evolution 299 rates (0.01<p<0.04) were achieved by soil containing both atrazine and the inoculum 300 (SAT). These were at least 20% higher than in the absence of the inoculant. Maximal 301 respiration rates occurred generally after week 6, and were followed by a slow but 302 consistent decrease. Under drier conditions and throughout the study, respiration rates 303 were generally not statistically different (0.05<p<0.27) between treatments. 304 the highest DHA levels were achieved under the wettest conditions (p<0.001). Non-309 treated soil had the lowest DHA but sawdust and atrazine supplements (individually or 310 combined) enhanced this enzymatic activity by over 40% at both water potentials 311 (p<0.001) over the first 6 weeks. However, after 12 weeks and from then onwards, soil 312 carrying the inoculum alone (ST) showed over 20% higher DHA compared to sawdust-313 treated soil whether atrazine was present or not. Activity rates peaked after 6 weeks but 314 overall, they remained high throughout the study, even under the driest soil conditions. 315
Nevertheless, irrespective of water potential, there was no significant (p>0.09) 316 difference between soil inoculated with T. versicolor in the presence (SAT) and absence 317 (ST) of atrazine from week 6 onwards. 318 were generally only significant (p<0.03) at -2.8 MPa, with the second treatment having 327 11 over 96% higher laccase production than the first. Under the wettest conditions, the 328 SAT treatment had only minimal levels of this enzyme, when comparing to the 329 remaining treatments, including that of soil carrying the inoculum alone (ST). This was 330 most evident after 6 weeks. Surprisingly, the opposite was observed under drier soil 331 conditions, with the SAT treatment having nearly 40% higher (p< 0.0004) laccase 332 activity than that of ST, although differences between SAT and SA were not statistically 333 significant (p>0.06). Very little activity was found after 24 weeks, independent of the 334 treatment conditions. 335 Further, sawdust addition may have also improved aeration throughout soil, favouring 383 microbial activity in ways equivalent to that reported by Boyle (1995) using alfalfa and 384
bran. 385 386
Respiratory activity was also enhanced in soil containing the inoculum, indicating that 387 the test isolate was able to remain metabolically active throughout the study. However, 388 few significant differences were found between that and soil containing sawdust alone, 389 which suggests competitive interactions between the inoculant and native microflora. 390
The highest CO 2 evolution rates were obtained from soil containing both atrazine and Regardless of soil treatment, the highest DHA levels were achieved under the wettest 421 conditions, which is supported by previous studies (Quilchano and Maranon, 2002) . 422
Further, supplement addition to soil (sawdust and atrazine, individually or combined) 423 generally enhanced DHA regardless of soil water potential. In contrast, the low DHA 424 levels in soil containing the inoculum alone over the first 6 weeks, is likely to reflect 425 competitive interactions between the inoculant and native microorganisms, agreeing 426 with respiration data. However, increased DHA from then onwards indicated that the 427 inoculum remained metabolically active, even under the driest soil conditions. 428
14 Surprisingly, unlike that observed in the remaining treatments, DHA in the SAT 429 treatment was the highest over 24 weeks, which is inconsistent with respiratory activity. 430
This adding to the fact that the SAT treatment did not show improved levels of this 431 enzyme (when comparing to ST), suggested that atrazine degradation by this white-rot 432 species may not be coupled to the oxidative metabolism of the fungus. It is possible that 433 under the treatment environmental conditions, atrazine was not being used by T. 434 versicolor for generation of ATP (Haney et al., 2002) . This enzymatic activity has been 435 scarcely studied in relation to atrazine biodegradation by white-rot fungi in soil. soil extract broth at -0.7 and -2.8 MPa, using the luminescent bacterium Vibrio fischerie 448 (standard toxicity assay) (Fragoeiro, 2005) . 449
450

Temporal laccase activity 451
Since it is difficult to directly assess fungal growth in soil (Novotný et al., 1999 (Novotný et al., , 2004 However, herbicide breakdown was substantially enhanced in soil containing the 534 inoculum, particularly within the first 12 weeks. It provides evidence that T. versicolor 535 was able to grow and actively degrade atrazine in non-sterile soil under low water 536 availability conditions. It also suggests that the pre-incubation of the test isolate and the 537 use of sawdust as carrier were effective for this species. In this case, it is likely that the 538 relationship established between the inoculum and native degraders was mainly 539 cooperative, agreeing with earlier findings by Boyle (1995) . In contrast, Tornberg et al. 540 (2003) reported that this species failed to remain viable once inoculated in non-sterile 541 soil. 542
543
Over 24 weeks, the contribution of T. versicolor was found to be no longer significant at 544 -0.7 MPa. In contrast, surprisingly, its contribution was still significant at -2.8 MPa, 545 when the remaining fraction of the microbial community had their metabolic activity 546 limited by water restriction. This clearly shows that this white-rot species is able to 547 actively biodegrade potential contaminants under environmental conditions, which do 548 not promote biodegradation by soil native microflora. It is likely to be partially 549 explained by the mycelial growth habit, allowing rapid and efficient colonisation of soil 550 while maximising interactions between extracellular enzymatic activity and the 551 surrounding environment (Maloney, 2001; Reddy and Mathew, 2001 ). Atrazine 552 breakdown was less pronounced towards the end of the study, whether T. versicolor was 553 present or not, due to nutrient exhaustion. 554 555
Conclusion 556 557
This study has shown that T. versicolor has the potential to be used as a bioremediation 558 agent for atrazine and related triazine compounds in non-sterile calcareous clay soil, 559 under low water availability conditions. This may be particularly relevant for 560 bioremediation strategies in semi-arid and Mediterranean-like ecosystems. 
